Abstract-Due to the low cost, small size, and easy control, the switched-capacitor (SC) equalizer is promising among all types of active cell balancing methods. However, the balancing speed is generally slow and the balancing efficiency is seriously low when the SC equalizer is applied into a long battery string. Therefore, an automatic switched-coupling-capacitor equalizer (SCCE) is proposed, which can realize the any-cells-to-any-cells equalization for a battery string. Only two switches and one capacitor are required for each battery cell. All MOSFETs are controlled by one pair of complementary pulse width modulation signals, and energy can be automatically and directly delivered from any higher voltage cells to any lower voltage ones without the need of cell monitoring circuits, leading to a high balancing efficiency and speed independent of the cell number and the initial cell voltages. Contrary to the conventional equalizers using additional components for the equalization among modules, the proposed equalizer shares a single converter for the equalization among cells and modules, resulting in smaller size and lower cost. A prototype for four lithium battery cells is implemented, and an experimental comparison between the proposed SCCE and the conventional SC equalizer is presented. Experimental results show the proposed topology exhibits a substantially improved balancing performance, and the measured peak efficiency is 92.7%.
A Switched-Coupling-Capacitor Equalizer for Series-Connected Battery Strings I. INTRODUCTION N OWADAYS, rechargeable batteries are widely applied in uninterruptible power supplies, artificial satellites, and electric vehicles as energy storage systems [1] . Due to the high energy density, low self-discharge rate, and no memory effect, lithium battery (i.e., lithium-ion, lithium polymer, or lithium iron phosphate (LiFePO 4 ) battery) has been regarded as one of the most attractive rechargeable batteries [2] . However, the terminal voltage of a single lithium battery cell is usually low, e.g., 3-4.2 V for lithium-ion battery cells and 2-3.65 V for LiFePO 4 battery cells [3] - [4] . Generally, in order to meet the load voltage and power requirements, lithium battery cells are usually connected in parallel and series to construct a battery pack [5] - [6] . Nevertheless, there are slight differences in terms of capacity, internal resistance, and voltage among cells, which will be enlarged as the battery pack ages [7] . Lithium batteries cannot be overcharged, which may lead to explosion or fire, and cannot be overdischarged, which may degrade the characteristics of batteries [7] . As a result, charging or discharging must be interrupted when any cell in the battery pack reaches its cutoff voltage, which does not utilize efficiently the energy storage potential of the battery pack [7] . Therefore, battery balancing is mandatory for series-connected battery packs to maximize the available operating range and to extend the battery life.
Many balancing circuits have been proposed during the last few years, which can be classified into two groups: the passive equalizers [7] - [8] and the active ones [7] , [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The passive methods employ a resistor connected as a shunt for each cell to drain excess energy from the high-voltage cells [7] - [8] . Small size, low cost, and easy implementation are the outstanding advantages of this method. However, energy dissipation and heat problems are their critical disadvantages [7] . To overcome these drawbacks, active cell balancing circuits utilizing capacitors [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , inductors [19] [20] [21] , or transformers [22] [23] [24] [25] [26] [27] [28] have been studied. Active balancing methods employ nondissipative energy-shuttling elements to move energy from strong cells to weak ones [7] , [17] , [18] . Among these active cell balancing methods, the switched-capacitor (SC)-based equalizers are promising due to the small size, ease of control, and ease of implementation [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , [29] - [30] . As shown in Fig. 1(a) , for the classical SC equalizer, one capacitor is employed to shift energy between two adjacent cells [9] . Fig. 1(b) and (c) shows the two operation states of the classical SC equalizer. By switching the capacitors back and forth, the equalizer brings the cell voltages to an almost equal value [9] . However, energy is only transferred from one cell to its adjacent cell through one capacitor during one switching cycle [9] . Fig. 1(d) shows the balancing paths under the assumption of V B 11 > V B 12 > V B 13 > V B 14 . Particularly, when the high-voltage cell and the low-voltage one are on the opposite ends of the battery string, it will take a long time and many steps to balance the cell voltages. Moreover, the balancing energy would have to travel through all the cells and capacitors, resulting in a severe penalty on the balancing efficiency and balancing speed.
In order to reduce the switching loss, a resonant SC equalizer was proposed in [10] . Based on the classical SC, an inductor L 0 is added to form a resonant LC converter, which operates alternatively between the charging state and discharging state with zero-current switching (ZCS) to automatically balance the cell voltages. However, this method has the same critical disadvantages as the classical SC solution, i.e., low balancing speed and efficiency for a long battery string. To increase the balancing speed, a double-tiered SC equalizer and a chain-structure of SC balancing circuit were proposed in [11] and [12] . These methods can, to a certain extent, improve the balancing speed by using additional capacitors and MOSFET switches. However, the balancing speed is still slow and the efficiency is also low as the increase of the number of the battery cells connected in series. Particularly, the equalizers are difficult to be modularized [31] . In order to improve these weaknesses, [13] and [14] propose two series-parallel SC equalizers. The working principles are that the switched capacitors are first connected in parallel with battery cells, being charged by or discharged to the battery cells, and then, all the capacitors are controlled to be connected in parallel, by which charge can flow from the higher voltage capacitors to the lower voltage ones [13] - [14] . By operating these two states alternatively, energy can be transferred from the higher voltage battery cells to the lower ones directly. This means the balancing speed could be significantly higher than the conventional one for a long battery string. However, the main disadvantage is that the switch number is twice of the classical SC solution. Therefore, [15] proposes a series of SC cell balancing circuits. With the same number of switches as the classical one, the methods achieve a high balancing speed, which does not rely on both of Based on these works, the objective of this paper is to introduce an automatic switched-coupling-capacitor equalizer (SCCE), which achieves the direct and simultaneous equalization between any two cells in the battery string. Only two switches and one capacitor are needed for each battery cell, resulting in a small size and low cost. All MOSFETs are controlled by one pair of complementary pulse width modulation (PWM) signals, and energy can be automatically and directly delivered from any cells with higher voltages to any cells with lower voltages without the need of cell monitoring circuits, thereby leading to a high balancing efficiency and speed independent of the number of battery cells and the initial cell voltages. Contrary to the conventional modularized equalizers using additional components for the equalization among modules, the proposed SCCE can achieve the global equalization by connecting the common nodes of the switched coupling capacitors (SCCs), resulting in smaller size, lower cost, and higher balancing efficiency. The control for this system is very simple and the balancing operation can be carried out regardless of the battery working state of charging, discharging, or rest.
II. PROPOSED EQUALIZER
In this paper, an automatic SCCE is proposed, which can realize the any-cells-to-any-cells equalization for a battery string, which is an improvement of the work in [15] . Fig. 2 shows the schematic diagram and the equivalent circuit of the proposed SCCE applied to a four-cell battery string. Each battery cell is connected in parallel with two series-connected MOSFETs. Five capacitor plates (four small plates and one big plate) are used to form a coupling capacitor to transfer energy among cells. Each small plate (P 11 − P 14 ) is connected to the midpoint of the corresponding two series-connected MOSFETs. The big plate (P 10 ) is common to the four small plates, thus materializing the star connection. Fig. 3 shows the threedimensional (3-D) views of the proposed SCC for four cells. In fact, the coupling capacitor can also be applied by four conventional capacitors connected in star.
A. Configuration of the Proposed Equalizer
The critical characteristics of the proposed SCCE are as follows:
1) Two MOSFET switches and one capacitor are needed for each cell, thereby leading to a small size and low cost. 5) Contrary to the conventional modularized equalizers using additional components for the equalization among modules, the proposed method can achieve the equalization among modules by connecting the common nodes of the coupling capacitors, leading to smaller size, lower cost, and reduced loss related to the modularization. 6) The balancing operation can be carried out regardless of the battery working state of charging, discharging or rest. 7) The proposed SCCE can also be applied for other rechargeable batteries without any change or recalibration, such as nickel-cadmium batteries, lead-acid batteries, and nickel-metal-hydride batteries.
B. Operation Principles
The automatic any-cells-to-any-cells equalization among cells can be obtained by driving the MOSFET switches using one pair of complementary PWM signals, i.e., PWM+ and PWM-. The proposed equalizer has two steady working states in one switching period. Figs. 4 and 5 show the operating states and theoretical waveforms of the proposed equalizer, respectively. In order to simplify the analysis for the operation principles, it is assumed that the battery cell voltages follow State I (t 0 − t 1 ): At t 0 , mosfets Q 11 , Q 13 , Q 15 , Q 17 are turned on, and mosfets Q 12 , Q 14 , Q 16 , Q 18 are turned off. As shown in Fig. 4(a) , the coupling capacitor is connected in parallel with the corresponding upper cells (B 11 − B 13 ) through Q 11 , Q 13 , Q 15 , and Q 17 . As shown in Fig. 4 (a.1)-(a.3), six discharging paths from battery cells are constructed.
As shown in Fig. 4 (a.1), i 1A flows from B 11 to P 11 − P 10 − P 12 through Q 11 and Q 13 . i 2A flows from B 12 to P 12 − P 10 − P 13 through Q 13 and Q 15 . i 3A flows from B 13 to P 13 − P 10 − P 14 through Q 15 and Q 17 . As shown in Fig. 4 (a.2), i 4A flows from B 11 and B 12 to P 11 − P 10 − P 13 through Q 11 and Q 15 . i 5A flows from B 12 and B 13 to P 12 − P 10 − P 14 through Q 13 and Q 17 . As shown in Fig. 4 If the coupling capacitor and MOSFETs have identical characteristic, it is possible to assume the following:
(1)
where C 1j , j = 1, 2, 3, 4, represents the equivalent capacitance between the plates P 1j and P 10 . R eq1j , j = 1, 2, 3, 4, represents the equivalent resistance in each branch. It is specified that the current flowing into a battery cell is positive, otherwise is negative. During State I, the balancing currents across the capacitor plates can be expressed as
where i P 1j A , j = 1, 2, 3, 4, represents the balancing current across the plate P 1j during State I. By using Kirchhoff's voltage law (KVL), the relationship between the cell voltages and the coupling capacitor voltages can be expressed as follows:
where v P 1j A (t 0 ), j = 1, 2, 3, 4, represents the voltage between P 1j and P 10 at t 0 . V B 1j , j = 1, 2, 3, 4, is the cell voltage of B 1j . By using Kirchhoff's current law (KCL), the relationship among the balancing currents across the coupling capacitor can be expressed as
By solving (4) and (5), the balancing currents across the coupling capacitor in the frequency domain can be obtained as ⎡ 
(7) By (6), the balancing currents can be turned into these in the time domain, given by ⎡
where t 0 < t < t 1 . Based on (8), Fig. 5 presents the theoretical waveform of the balancing current.
Using (6), the voltages across the coupling capacitor in the frequency domain can be derived as ⎡
Equation (9) can be turned into these in the time domain, shown as ⎡
(10) where t 0 < t < t 1 . According to (10) , Fig. 5 presents the theoretical waveform of the coupling capacitor voltage.
At t 1 , the balancing current drops to 0. Based on KVL, the relationship among the cell voltages and the coupling capacitor voltages can be expressed as
Equation (11) can be simplified as As shown in Fig. 4 (b.1), i 1B flows from P 11 − P 10 − P 12 to B 12 through Q 12 and Q 14 , which achieves the energy transfer from B 11 to B 12 . i 2B flows from P 12 − P 10 − P 13 to B 13 through Q 14 and Q 16 , which achieves the energy transfer from B 12 to B 13 . i 3B flows from P 13 − P 10 − P 14 to B 14 through Q 16 and Q 18 , which achieves the energy transfer from B 13 to B 14 . Fig. 6(a) gives the directed graph of the energy transfer shown in Figs. 4(a.1) and (b.1), demonstrating that the proposed SCCE can achieve the conventional adjacent-cell-to-adjacent-cell equalization.
As shown in Fig. 4(b. 2), i 4B flows from P 11 − P 10 − P 13 to B 12 and B 13 through Q 12 and Q 16 , which achieves the energy transfer from B 11 to B 13 . i 5B flows from P 12 − P 10 − P 14 to B 13 and B 14 through Q 14 and Q 18 , which achieves the energy transfer from B 12 to B 14 . Fig. 6(b) gives the directed graph of the energy transfer shown in Fig. 4 (a.2) and (b.2), demonstrating that the proposed SCCE achieves the equalization between every other cells.
As shown in Fig. 4(b.3) , i 6B flows from P 11 − P 10 − P 14 to B 12 , B 13 , and B 14 through Q 12 and Q 18 , which achieves the energy transfer from B 11 to B 14 . Fig. 6(c) gives the directed graph of the energy transfer shown in Fig. 4(a.3) and (b.3) , proving that the proposed SCCE achieves the direct equalization between the first cell and last one in a battery string.
It can be seen that the proposed equalizer can transfer energy directly between any two cells in a battery string.
During State II, the balancing current across the capacitor plates can be expressed as
where i P 1j B , j = 1, 2, 3, 4, represents the balancing current across P 1j during State II. By using KVL, the relationship among the cell voltages and the coupling capacitor voltages can be expressed as
where v P 1j B (t 1 ), j = 1, 2, 3, 4, represents the voltage between P 1j and P 10 at t 1 . By using KCL, the relationship among the balancing currents across the coupling capacitor can be expressed as
By solving (14) and (15), the balancing currents in the frequency domain can be obtained as ⎡ 
(17) By (16), the balancing currents can be transferred into these in the time domain, given by ⎡
where t 1 < t < t 2 . Using (16), the voltages across the coupling capacitor in the frequency domain can be achieved as ⎡ Equation (19) can be turned into these in the time domain, shown as ⎡
At t 2 , the balancing current drops to 0. Based on KVL, the relationship among the cell voltages and the coupling capacitor voltages can be expressed as
Equation (21) can be simplified as
It is important to note that the solutions for (12) and (22) are not unique, indicating the uncertainty of the capacitor voltages and the floating potential of P 10 . This is because there are more capacitors than needed. In another word, one capacitor can be removed from the switched-coupling capacitor, and the simplified topology is shown in Fig. 7 . In fact, the redundant capacitor only affects the balancing currents, not the final cell voltages. This simplified equalization circuit has the same operation principles as the structure shown in Fig. 2 , thereby not described in detail here. 
P 1 1 -P 1 0 -P 1 4 P 1 2 -P 1 0 -P 1 4 P 1 3 -P 1 0 -P 1 4 - Table I summarizes the balancing paths between any two cells. It can be seen that due to the proposed coupling capacitor, energy can be directly transferred from higher voltage cells at any position to lower voltage cells at any position, leading to a high balancing efficiency and speed.
C. Equalizing Power and Efficiency
The balancing power of each cell can be calculated as
where j = 1, 2, 3, 4. V B 1j is the cell voltage of the battery cell B 1j . I B 1j is the RMS balancing current flowing out of or into B 1j , which can be expressed as
(24) where T is the switching period. i B 1j (t) is the AC balancing current flowing out of or into B 1j .
The balancing efficiency is obtained as
where
It can be seen that the balancing efficiency is determined by the cell charge power and the cell discharge power.
D. Modularization of the Proposed SCCE
As shown in Fig. 8 , a modularization concept of the proposed SCCE is applied to an eight-cell series-connected battery string, which is divided into two separate four-cell modules. It can be seen that the global equalization among cells is achieved through the connection of the common nodes of the two coupling capacitors CC 1 and CC 2 . Contrary to the conventional modularized equalizers using additional components for the equalization among modules, the proposed modularization method shares a single equalizer for the equalization among cells and modules, leading to smaller size, lower cost, and reduced loss with respect to the modularization. 
E. Comparison With Conventional Battery Equalizers
As shown in Figs. 1 and 2 , the proposed SCCE has the same number of MOSFETs as the conventional topology, and needs n capacitors compared with the conventional method with the requirement of n − 1 capacitors. Thus, it can be concluded that the MOSFET and capacitor numbers of the presented solution are comparable to the existing SC method. Moreover, all switches employed in the two methods withstand the same voltage stress.
For the classical SC topology, the maximum voltage stress of capacitors is the cell voltage, i.e., V B . The capacitance of each capacitor is C eq , which is in the range of 20 -1000 μF [9] . The proposed coupling capacitor can be applied by four capacitors connected in star, as shown in Fig. 2 . In each balancing path, there are two capacitors connected in series. Therefore, the capacitance of each capacitor is required to be 2C eq to achieve the same balancing capacitance as the classical SC topology. As shown in Fig. 4 , during each operating state, the first and last capacitors of the coupling capacitor are connected in parallel with n-1 cells. Thus, the voltage stress for these two capacitors is (n − 1) · V B /2. n is the number of cells connected in series in the battery string. It can be observed that the voltage stress and capacitance of capacitors in the proposed equalizer are higher and larger than the classical solution. Nonetheless, the cost of the balancing circuits depends mainly on the MOSFETs, gate drivers, isolated power supplies, and the controllers. The capacitors only accounts for a fraction of the cost of the balancing circuits. Thus, the implementation cost of the proposed method is slightly higher than that of the conventional approach. The extra cost is due to the required higher breakdown voltage and twice capacitance of capacitors. However, the number of the switches and the control complexity remain the same.
If the source cell is separated from the target cell by several other cells, it takes several balancing steps for the classical SC method to transfer charge between the two cells. Shang et al. [17] gives the average balancing step to complete the charge transportation as follows:
Step avg = n (n −1)(n +1) 3
where n is the number of cells connected in series in the battery string. Equation (27) shows the balancing speed will decline along with the increase of the number of battery cells. Consequently, the average balancing efficiency of the classical SC method is obtained by
where η e is the balancing efficiency between adjacent two cells. Equation (28) shows the average balancing efficiency is enormously attenuated by the one-by-one energy transfer path in spite of the higher balancing efficiency between adjacent two cells.
For the proposed solution, energy can be transferred directly from higher voltage cells at any position to lower voltage cells at any position. Theoretically, it only takes one balancing step for the proposed solution to complete the charge transportation from the source cell to the target one without intermediate steps. Therefore, the balancing efficiency and speed of the proposed method are independent of the number of battery cells and the initial cell voltages.
According to the above analysis, Table II gives the comparison of the proposed equalizer with the classical SC solution in terms of the cost, balancing speed, and efficiency.
In order to evaluate the proposed topology quantitatively and systematically, Table III illustrates the comparison of the proposed equalizer with conventional ones under the assumption of a series-connected battery string consisting of n cells. The comparison focuses on the components used in equalizers and the balancing performances. "Components" consists of the numbers of switches (SW), resistors (R), inductors (L), capacitors (C), diodes (D), and transformers (T). Twelve parameters are employed to evaluate the balancing performances. Each parameter is fuzzified into five fuzzy scales, for which "1", "2", "3", "4", and "5" represent the worst, bad, neutral, good, and best performances, respectively. The balancing performance parameters are cost (S 1 ), efficiency (S 2 ), automatic balancing capability (S 3 ), bidirectional balancing capability (S 4 ), energy flow (1: adjacent cell to cell, 5: any cells to any cells) (S 5 ), speed (S 6 ), implementation possibility (S 7 ), complexity (S 8 ), size (S 9 ), modularization (S 10 ), switch voltage stress (S 11 ), and switch current stress (S 12 ). By applying a large weight (i.e., 1.5) to cost and efficiency, and a small weight (i.e., 1) to the other parameters, an average score S avg is obtained in the last column of Table III , by which a quantitative comparison can be intuitively carried out. It can be observed that the proposed equalizer has the highest average score, and has the advantages of low cost, low size, high efficiency, high speed, low voltage stress, and easy modularization, making the proposed topology suitable to be applied to a long series-connected battery string. However, it is important to note that the parameter weights should be modified according to the practical application, which is helpful to select a suitable balancing topology depending on different applications. The proposed SCCE 2n n
2C e q Slightly high 1 η e III. EXPERIMENTAL RESULTS Fig. 9 shows the implemented prototype for eight 1100-mAh LiFePO 4 cells connected in series. STP220N6F7 MOSFETs with 2.4-mΩ drain-source on-resistance were used for switches Q 11 − Q 18 . dSPACE was used for the digital control. The coupling capacitor was applied by the conventional single capacitors connected in star. The preferred selection principles of capacitors are summarized as follows: 1) Nonare selected to achieve the bidirectional energy transfer.
2) The breakdown voltage of capacitors should be higher than
3) The appropriate capacitances of capacitors will be in the range of 20 -1000 μF [9] . In this paper, the capacitance is 28.3 μF, and the equivalent resistance is 67 mΩ. 4) The capacitance tolerance of capacitors is allowed. The consistency of the capacitances only affects the balancing currents, not the final balanced voltage of the battery string. In another word, precise equalization can be performed without any requirement for the capacitance matching or tight tolerances. Fig. 10 shows the experimental waveforms of the balancing current i P 11 and the capacitor voltage v P 11 . A switching frequency that is too low or too high would bring the balancing efficiency and speed drop because of the rise in the equivalent resistance [15] . In order to achieve a higher balancing efficiency and speed, the coupling capacitor should be fully charged and fully discharged per switching cycle. The switching frequency can be selected properly by the balancing current waveform. Therefore, the proposed prototype is recommended to operate at about 28.58 kHz to ensure that the MOSFETs are switched at the near zero-current state. As shown in Fig. 10 Fig. 5 , we can observe that the changes in the balancing current are resisted, to some extent, by the stray inductances in circuits, which also causes the voltage spikes in Based on (25) , Fig. 11(a) shows the measured efficiency η e as a function of the output power at the frequency of f = 28.58 kHz. When the output power increases from 0.15 W to 0.875 W, η e increases from 76.5% to 92.7%. When the output power increases from 0.875 to 1.75 W, η e decreases from 92.7% to 88.2%. The measured peak efficiency is 92.7% at the output power of 0.875 W. Moreover, the measured efficiency is independent of the number of battery cells and the initial cell voltages. These results show that the proposed equalizer can work with a high efficiency over a wide range of loading conditions. In order to prove the improvement of the balancing efficiency of the proposed structure, Fig. 11(b) shows the balancing efficiencies of the classical SC equalizer. It can be observed that the balancing efficiency between adjacent two cells is comparable to the proposed SCCE. However, according to (28) , the average balancing efficiency is lower than the proposed SCCE. Moreover, the average efficiency of the classical SC method will decline along with the increase of the number of battery cells. Fig. 12(a) -(j), it can be observed that under any cell permutation, the equalization for cells can be well executed by the proposed SCCE. Table IV illustrates the balancing time, balanced voltage, and voltage gap among cells after balancing. These results prove that the proposed balancing operation is independent of the cell positions in the series-connected battery string, demonstrating the strong robustness of the proposed equalizer.
In order to further verify the validity of the proposed equalizer, Fig. 13 shows the equalization results with different initial voltages. We can observe that the proposed equalizer can gather simultaneously the cell voltages together under any imbalance situation of the series-connected string, showing the good performance of the proposed equalizer. Table V summarizes the balancing performances with different initial voltages.
In order to show the advantages of the proposed equalizer over the conventional equalizers, Fig. 14 shows the balancing results of the classical SC method. The initial cell voltages are the same as shown in Fig. 13 . It can be observed that due to the adjacent-cell-to-cell equalization, some cell voltages first go down and then go up, which leads to the unnecessary energy loss. Table VI summarizes Table VI with these in Table V , it can be concluded that the proposed method have advantages over the conventional one in the balancing speed, efficiency, and equalization performance.
To verify the validity of the proposed simplified equalizer shown in Fig. 7 and Fig. 15 shows the equalization result with the same initial voltages as Fig. 12(a) . It can be observed that the cell equalization is also well executed by the simplified equalizer. However, the balancing speed for B 14 is significantly improved due to the absence of P 14 for the coupling capacitor. In fact, for the simplified equalizer, capacitance C 14 can be deemed to be infinite. Therefore, this also proves that the consistency of the capacitances only affects the balancing currents, not the final balanced voltages of the battery string. Fig. 16 shows the modularized equalization results for eight LiFePO 4 cells, which are divided into two separate four-cell modules at f = 28.58 kHz. As shown in Fig. 16(a) , the initial cell 
IV. CONCLUSION
An automatic any-cells-to-any-cells equalizer based on switched coupling capacitor is proposed and a prototype for four cells is implemented. The configuration of the proposed equalizer, the operation principles, the modular design, the comparison with the conventional SC equalizers, and the cell balancing performance are presented in this paper. Experimental results demonstrate that the proposed circuit has outstanding any-cellsto-any-cells equalization performance with a simple control, and the energy transfer efficiency among cells can reach up to 92.7%. The proposed equalizer achieves the automatic voltage equalization without cell voltage monitoring, obtains the global equalization for a battery string without the requirement of additional equalizers for modules, and has lower voltage stress on MOSFETs, which ensures the system high reliability and ease of implementation. In the future, inductors will be considered to be added in the proposed topology to achieve soft switching and restrain the large rush current because of the zero initial voltages of capacitors at the beginning of balancing.
